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ABSTRACT 
 Golf courses continue to explore all options for relief of summer stress on 
bentgrass [Agrostis stolonifera L. var palustris (Huds.)] putting greens.  The use of 
colorants and other pigment-containing products has recently been suggested as a means 
of relieving this stress by reducing temperatures and respiration, and increasing 
photosynthesis.  Research supporting these claims is limited, especially on bentgrass 
putting greens located in stressful environments.  The objective of this experiment was 
therefore to investigate the impacts of pigment-containing products on turfgrass 
physiology during hot and humid summer months in the Southeastern USA.   
 Four pigment-containing products were selected for the two 2012 summer field 
studies: Turf Screen (a combination of zinc oxide and titanium dioxide), PAR and 
Foursome (copper-based pigments), and a paint designed for dormant turfgrass 
throughout the winter months.  Products were applied weekly for ten weeks.  Two of the 
products, Turf Screen and PAR, were also used in two 10 day growth chamber studies to 
evaluate their effects on bentgrass plugs under stressful high temperatures. 
 In field studies, lower carbon dioxide exchange rates (CER) were measured in 
untreated turf compared to Turf Screen, PAR, Foursome and the paint, indicating that 
these products reduced photosynthesis.  In both studies, the paint had the highest CER of 
any treatment.  Turf Screen and PAR performed similarly in both studies (0.182 and 
0.118 µmol CO2 cm-2 s-1 in study one, 0.090 and 0.091 in study two).  In study two, 
evaporation rates of untreated plots averaged 1.00 µmol H2O cm-2 s-1, which was 
significantly higher than Turf Screen at -9.10 µmol H2O cm-2 s-1.  None of the tested 
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products lowered canopy temperature, and treated turf plots often exhibited significantly 
higher temperatures (~1.5°F or 1.0°C) than the untreated controls.  In study one, the 
untreated control had higher normalized difference vegetation index (NDVI) values than 
PAR, Turf Screen, and the paint throughout the summer.  Differences in NDVI were not 
observed between Turf Screen, PAR, and Foursome in either study.  Visual quality of turf 
treated with Turf Screen, PAR, and Foursome was similar to the untreated control in both 
studies.  Images analyzed with the WinRHIZO program to calculate percent cover 
provided data consistent with the visual turfgrass quality ratings.  Products had no 
significant effects on root mass.  Tissue analysis showed Turf Screen treated foliage had 
higher zinc concentrations in both studies, averaging 911 ppm compared to 88 ppm for 
the untreated control.  Soil zinc levels in Turf Screen treated plots were twice those of the 
other treatments in both studies.  The paint treated turf had significantly higher tissue 
copper concentrations in both studies, averaging 155 ppm compared to the other 
treatments, which averaged 61 ppm. 
 In growth chamber studies, CER was significantly lower in the unstressed control 
(35/24ºC) at -1.15 compared to Turf Screen at 1.53, PAR at 0.67, and the stressed control 
(28/22ºC) at 1.12 µmol CO2 cm-2 s-1 in study one.  Positive CER values indicate that 
respiration rates exceeded photosynthetic rates in these pots.  The unstressed control had 
significantly higher evaporation rates compared to Turf Screen, PAR, and the stressed 
control in study one.  The stressed control, Turf Screen, and PAR had significantly lower 
Fv/Fm values compared to the unstressed control in both studies. 
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 A significant reduction in the transmission of photosynthetically active radiation 
(400-700 nm) occurred when products were applied to transparent acrylic sheets.  PAR 
and Foursome had least impact on the transmission of (PAR) wavelengths by only 
reducing ~20%.  Turf Screen (39%) and the paint (46%) had the largest reductions. 
 Microscopy images visualized the specific interactions between products and leaf 
blades.  While Turf Screen (higher viscosity) remained on the leaf surface and covered 
the stomata, pigments such as PAR (lower viscosity) entered the leaf via stomata. 
Higher CER for treated turf in field study two indicates net photosynthesis is 
reduced when these products are applied.  Higher evaporation rates for the untreated in 
field study two indicate that transpiration is also being affected by these products.  
Spectroradiometer data show a significant reduction in the transmission of 
photosynthetically active radiation when products are applied.  In summary, these 
products failed to significantly enhance any plant processes normally associated with 
improved turf health and quality.  On the contrary, products appeared to disrupt the 
plant’s ability to cool itself through transpiration. The significant increases in heavy 
metal concentrations such as zinc and copper should also be considered, especially with 
long-term use. 
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CHAPTER I 
INTRODUCTION 
 
Creeping Bentgrass 
Creeping bentgrass [Agrostis stolonifera L. var palustris (Huds.)] is the most 
commonly used cool season turfgrass on golf greens (Beard, 1982).  It is well suited for 
use as a putting surface due to its tolerance of low mowing heights (3mm), excellent 
density, soft texture, and narrow leaf blade (0.62 to 0.91mm) (Beard and Sifers, 1997).  
Creeping bengrass is native to central Europe and is adapted to the cool, humid 
environments in the northeastern and northwestern United States (McCarty, 2011).  
Preference for the superior putting surface of bentgrass has led to its use in hotter, more 
humid regions of the United States where quality is often lower during summer months.  
This condition is commonly referred to as summer bentgrass decline (Lucas, 1995; 
Carrow, 1996; Beard, 1997). 
The United States Golf Association adopted specifications for golf green 
construction in the late 1950’s (USGA Green Section Staff, 1960).  This system of green 
construction has been widely used, and consists of 30 cm sand and organic matter 
mixture on top of a 10 cm layer of 2 to 12 mm diameter gravel (USGA Green Section 
Staff, 1993).  Organic amendments (usually peat moss) are added to the rootzone mix to 
improve water and nutrient retention (Junker and Madison, 1967).  The gravel layer 
allows for water movement into drainage lines, but also conserves soil moisture by 
creating a “perched water table” in the sand layer (USGA Green Section Staff, 1993).  
Ten centimeter diameter drainage lines are imbedded in the gravel layer spaced 3 to 6 m 
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apart, typically in a herringbone pattern.  While USGA greens provide a more favorable 
environment for bentgrass growth than native soils, bentgrass decline can still occur 
during summer months, especially when the surface organic matter remains excessively 
moist for extended periods of time (McCarty, 2011). 
 C3 plants such as bentgrass are adapted to temperatures of 15 to 24°C (Beard, 
1997).  Temperatures in the transition zone often exceed 30°C in summer months, 
making supraoptimal temperatures a major factor in limiting the growth and quality of 
cool season grasses (Beard, 1997; Carrow, 1996).  
 Factors contributing to summer decline of bentgrass often include poor soil 
aeration, excessive or deficient soil water, high relative humidity, high temperatures, and 
soil-borne disease organisms (Lucas, 1995; Carrow, 1996).  Supraoptimal temperatures 
have been shown to cause root loss, reduced shoot and tiller growth, and reduced shoot 
density in creeping bengrass (Krans and Johnson, 1974; DiPaola and Beard, 1992; 
Carrow, 1996; Huang et al., 1998a,b). 
 
Air and Soil Temperature Effects 
 Turf quality of bentgrass often declines during the summer when golf greens 
receive maximum play in transitional and warm climate regions (Lucas, 1995; Carrow, 
1996).  As previously mentioned, the optimum temperatures for cool-season grass range 
from 15 to 24°C for shoot growth and 10 to 18°C for root growth (Beard, 1973).  The 
lower optimum temperature for root growth than for shoot growth of cool-season grasses 
indicates that roots may be more sensitive to high temperatures (Beard, 1973).  Root 
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growth of Kentucky bluegrass (Poa pratensis L.) is inhibited as soil temperature increase 
to 25°C (Aldous and Kaufman, 1979).  Root growth and initiation in creeping bentgrass 
stops when soil temperature is above 25°C (Lucas, 1995; Beard and Sifers, 1997; Huang 
et al., 1998).  Soil temperature strongly influences shoot growth of winter wheat 
(Triticum aestivum L.) by regulation of cytokinin production in roots (Kuroyannagi and 
Paulsen, 1988).  Direct injury to roots by high soil temperatures could be the initial factor 
in high temperature responses of plants.  Reducing soil temperature by any means may 
alleviate or prevent the summer bentgrass decline problem.  Reducing root-zone 
temperature has been shown to increase root growth, export of cytokinin from roots, leaf 
photosynthesis, chlorophyll content, protein synthesis, and shoot growth in several 
species (Skene and Kerridge, 1967; Feierabend and Mikus, 1977; Aldous and Kaufman, 
1979; Martin et al., 1985; Kuroyanagi and Paulsen, 1988; Graves et al., 1991; Clarck and 
Reinhard, 1991; Udomprasert et al., 1995; Ziska, 1998). 
As mentioned, supraoptimal soil temperature is more harmful than air temperature 
for root and shoot growth (Ramcharam et al., 1991; Ruter and Ingram, 1990, 1992; 
Paulsen, 1994; Xu and Huang, 2001).  High soil temperature increases respiration in roots 
(Klock et al., 1997; Xu and Huang, 2000) and also decreases nutrient uptake (Klock et 
al., 1997; Huang and Xu, 2000).  Xu and Huang (2000) reported reducing soil 
temperature from 35°C to an optimal level of 20°C while sustaining air temperature at 
35°C increased photosynthesis, total carbohydrate content in roots and shoots, root 
growth and shoot growth, and turf quality of creeping bentgrass to the same level as that 
at optimal air and soil temperatures. 
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 Reducing soil temperature from supraoptimal to optimal levels would clearly be 
beneficial to creeping bentgrass putting greens, but it is impractical and too costly for the 
majority of golf courses (Xu and Huang, 2001).  However, syringing (DiPoala, 1984), 
raising mowing height (Beard and Sifers, 1997), and the use of fans (Taylor et al., 1993; 
Beard, 1998) can reduce turf canopy temperature 2 to 5°C.  Reducing soil temperature by 
3°C or more is effective in improving turf quality and shoot and root growth of creeping 
bentgrass exposed to excessively high temperatures (Xu and Huang, 2001). 
 Physiological differences are responsible for differences in high temperature 
tolerance (Watschke et al., 1973).  Fixation of carbon dioxide through a pathway (C4) that 
minimizes photorespiration (Hatch and Slack, 1966) may enable warm season grasses to 
have greater photosynthate production during periods of high temperatures (Downtown 
and Tregunna, 1968).  Cool season turfgrasses with the highest foliar carbohydrates at 
tolerate high temperature stresses better than those with low foliar carbohydrates 
(Watschke et al., 1970).  Carbohydrates reflect the energy balance between 
photosynthesis, respiration, and growth (Schmidt and Blaser, 1967).  Therefore, the 
carbohydrate status of cool season turfgrasses might be improved if photorespiration 
were reduced or totally inhibited (Waggoner, 1969).  Studies have reported 
photosynthesis of Kentucky bluegrasses nearly doubled when photorespiration was 
inhibited (Watschke et al., 1972).  Cool season turfgrasses might have improved high 
temperature tolerance if they were able to regulate their photorespiration (Watschke et al., 
1973). 
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Summer Bentgrass Decline 
Leaf senescence and damage to cell membranes are typical symptoms of summer 
bentgrass decline.  Cell membrane damage can be attributed to lipid peroxidation of the 
membranes and suppression of antioxidants (Liu and Huang, 2000).  During summer 
months, when bentgrass is most stressed, active oxygen species such as superoxide 
radicals (O-2), hydrogen peroxide (H2O2), hydroxyl free radicals (OH), and singlet 
oxygen (1O2) (Scandalios, 1993; Zhang and Kirkham, 1996) are produced.  Peroxidation 
of essential membrane lipids occurs in the presence of these active oxygen species 
(Scandalios, 1993) and leads to the formation of malondialdehyde (MDA), which 
indicates damaged cell membranes and leads to inhibition of photosynthesis and 
respiration (Scandalios, 1993; Zhang and Kirkham, 1996).   
 
Fungicidal Effects on Summer Decline 
 Dernoeden and Fu (2008) investigated whether a variety of fungicides improved 
summer quality of creeping bentgrass putting greens.  Aluminum tris + chlorothalonil and 
potassium salts + mancozeb improved summer creeping bentgrass quality and reduced 
scalping injury.  The mechanisms by which fungicides mitigate scalping and vertical 
cutting were not determined, it was suggested that these fungicide combinations modified 
plant morphology, structure, growth habit and/or growth rate.  For example, creeping 
bentgrass leaves treated with these fungicides may have developed thicker cuticles and/or 
cell walls or exhibited slower growth (Dernoeden and Fu, 2008). 
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 Lucas (1995) also noted that fungicide applications mitigated bentgrass summer 
decline in North Carolina.  The combination of aluminum tris + mancozeb or aluminum 
tris + chlorothalonil applied every 14 days beginning about June 15 were the best 
treatments for improved turf quality (Lucas, 1995).  Lucas and Mudge (1997) also 
enhanced bentgrass turf quality using a mixture of a monoester salt of a phosphorous acid 
and an ethylene bisdithiocarbamate contact fungicide.  Their overall assessment indicated 
the combination of aluminum tris + mancozeb, containing the Pigment Blue 15, provided 
a better improvement in turf quality and color than other combinations of aluminum tris 
and mancozeb without the Pigment Blue 15.  The presence of the Pigment Blue 15 
synergistically enhanced the activity of aluminum tris and mancozeb (Lucas and Mudge, 
1997). 
 
Spectral Quality 
 Reductions and alterations in light have been linked to reductions in turf 
performance as well as physiological changes within grasses (McBee, 1969; Dudeck and 
Peacock, 1992; Wilkinson and Beard, 1975).  Reynolds et al. (2012) conducted an 
experiment investigating the impacts of athletic field paints on spectral quality and 
turfgrass photosynthesis.  Paint treatments were applied weekly for six weeks with net 
canopy photosynthesis recorded 24 hours after each application using a portable gas 
exchange system.  Additional treatments were conducted using a spectroradiometer and 
integrating sphere to evaluate reflection, absorption, and transmission of light based on 
paint color, dilution, and thickness.  Narrow-band spectral data were collected at 410, 
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430, 640, and 660 nm wavelengths, while broadband were data collected at 400-500, 
600-700, and 400-700 nm wavelengths.  Over the six week period, all paint treatments 
reduced photosynthesis, with treatment effects being dependent upon color and dilution.  
Broadband spectroradiometer data suggested this was likely due to reductions in 
photosynthetically active radiation (PAR), with red paint absorbing 51% of PAR while 
only transmitting and reflecting 6% and 43%, respectively.  This study concluded that 
alterations in light spectral quality as a result of athletic field paint applications can 
significantly impact PAR available for turfgrass photosynthesis, possibly resulting in a 
decline in turfgrass quality (Reynolds et al., 2012). 
 
Pigments 
 Pigments are commonly used on golf courses to create a more ascetically pleasing 
turfgrass surface by masking various imperfections and inconsistencies.  However, 
pigments could decrease turf quality as they create opacity to hide a surface (turfgrass 
leaves) by blocking visible wavelengths of light (Reynolds, 2012).  Pigments consist of 
dry powders whose chemical composition depends on the specific color desired.  White, 
black, and red paints commonly consist of TiO2 (titanium dioxide), C (carbon), and Fe2O3 
(iron oxide).  Each is very effective in blocking light, thereby providing the required 
opacity.  Pigments also provide color through absorption of specific wavelengths, which 
may lead to turfgrass damage by altering light intensity and spectral quality (Reynolds et 
al., 2012). 
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 Photosynthesis likely to be affected by repeated paint applications.  Pigments may 
block the transmission of specific wavelengths of light in the visible spectrum and reduce 
PAR at leaf surfaces (Reynolds et al., 2012).   Visible light and PAR share the same 
range of wavelengths, from 400 to 700 nm.  Specific wavelengths occur within PAR 
which are most effectively absorbed for photosynthesis.  These bands are often grouped 
by color; blue light is considered to be 400 to 500 nm and red light is 600 to 700 nm 
(Taiz and Zeiger, 2006).  Chlorophyll a has absorption peaks at 410, 430, and 660 nm, 
while chlorophyll b has absorption peaks at 430 and 640 nm (Taiz and Zeiger, 2006).  
Paint pigments designed to alter visible light to produce a specific color may also 
potentially alter reflection, transmission, and absorption of PAR available for 
photosynthesis within turfgrass canopies (Reynolds et al., 2012). 
 
UV-B Radiation 
 Turfgrasses need direct sunlight and therefore are inevitably exposed to UV-B 
radiation.   Since the 1970s, human activities have disrupted the natural balance between 
stratospheric ozone (O3) synthesis and breakdown, resulting in chemical depletion of the 
O3 layer and an increase of UV-B levels reaching the Earth’s surface (Campbell et al., 
2007).  UV-B wavelengths range from 280 to 320 nm, although wavelengths less than 
290 nm do not normally reach the Earth’s surface (Jansen et al., 1998).  This radiation 
has direct and indirect effects on plants, including damage to DNA, proteins and 
membranes; alterations in transpiration and photosynthesis; and changes in growth, 
development and morphology (Teramura and Sullivan, 1994).  Previous research 
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indicates UV-B exposure leads to reductions in biomass accumulation (Teramura and 
Sullivan, 1994; Deckmyn and Impens, 1997). 
 
Titanium Dioxide and Zinc Oxide 
 Titanium is the ninth most abundant element and makes up 0.6% of the earth’s 
crust (Kiser et al., 2009).  It exists in vast deposits of high-purity ores such as mineral 
rutile (93 to 97% titanium dioxide) or in conjunction with iron oxides in ores such as 
ilmenite (45 to 75% titanium dioxide) (Anderson et al., 1997).  Titanium dioxide (TiO2) 
is generally considered to be chemically inert and is insoluble in all but the strongest 
mineral acids.  A global industry, manufacturing nearly 3 million tons of TiO2 per year, 
has developed to provide a form of TiO2 sufficiently pure and inert for both pigmentary 
use and cosmetic, food, and topical applications (Anderson et al., 1997).  The industry 
has developed grades of TiO2 that are highly effective in attenuating the ultraviolet UV-B 
portion of the electromagnetic spectrum and, thus, are sold for use in topical applications 
where sun protection is required.   
 Zinc is another widely dispersed element, although not as abundant as titanium.  
Zinc oxide (ZnO) is extensively used in industrial products, such as paints, plastics, and 
rubbers, and also in the pharmaceutical and cosmetics industries as a topical antiseptic 
(Anderson et al., 1997).  Due to increased awareness of the dangers of UVA damage, the 
sunscreen industry has produced a grade of zinc oxide designated to attenuate the UVA 
portion of the spectrum and supplement UVB attenuators like titanium dioxide (Anderson 
et al., 1997).   
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 The primary purpose of both TiO2 and ZnO is to provide a high degree of 
whiteness (i.e., act as a colorant) and to give good opacity (i.e., act as a barrier to visible 
light) while remaining inert to the medium in which they are used (Anderson et al., 
1997).  Zinc oxide and titanium dioxide sunscreens are designed to attenuate the UVB 
and UVA portions of the electromagnetic spectrum (290-320 and 320-400 nm, 
respectively) while minimizing interactions with the visible portion (i.e., remaining 
transparent on the skin).   
 
Toxicity 
Heavy metals in soils may be beneficial or toxic to plants in the environment 
(Rout and Das, 2003).  Copper, for example, is an essential element for plant growth and 
development (Faust and Christians, 2000).  It influences enzymatic activity and performs 
key functions in plant respiration and photosynthesis (Woolhouse and Walker, 1981).  
Ware (1994) recommends that Cu be applied in small dosages or insoluble forms to 
prevent phytotoxicity.  Elevated concentrations of Cu may develop over time due to 
frequent applications of Cu-containing fungicides, organic fertilizers, and the use of 
effluent irrigation water (Marschner, 1995).  Cu is considered a low mobility element due 
to its high affinity for soil colloids, and can accumulate on the surface of contaminated 
soils from insufficient downward migration (McBride, 1994).  Little research had been 
performed on the relationship between Cu concentration in the soil and turfgrass 
performance in sand-based media until Faust and Christians in 2000.  They reported a 
16% decrease in dry clipping weight as Cu treatments increased from 0 to 600 mg kg-1 in 
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the soil.  Also, at 600 mg kg-1 Cu, dry root mass was 52% less than control treatments 
(Faust and Christians, 2000). 
 Zinc is an essential plant micronutrient required in the synthesis of growth 
hormones and proteins (Marschner, 1995).  Since it is absorbed and integrated early by 
plants, it can be highly phytotoxic (Rout and Das, 2003), and growth inhibition associated 
with zinc toxicity is a common phenomenon (Collins, 1981).  General symptoms of Zn 
toxicity are stunting of shoots, curling and rolling of young leaves, death of leaf tips, and 
chlorosis (Rout and Das, 2003).  In general, a zinc level of 20 to 55 mg kg-1 in shoot 
tissue of turfgrasses is considered sufficient (Jones, 1980).  Boehle and Lindsay (1969) 
reported 40 to 200 mg kg-1 as adequate.  Davis and Beckett (1977) noted that zinc 
concentrations of 221 mg kg-1 in shoot tissue of perennial ryegrass (Lolium perenne L.) 
caused phytotoxicity.  However, Spear and Christians (1991) reported that a Zn level of 
1500 mg kg-1 in shoot tissue had no deleterious effects on Penncross creeping bentgrass.  
 
Fluorescence 
 Measuring chlorophyll fluorescence has been essential in explaining key aspects 
of photosynthesis and its reaction to environmental stresses (Adams et al., 2004; Maxwell 
and Johnson, 2000).  Chlorophyll fluorescence measurements are quick, easily 
conducted, do not require additional expensive materials, and offer a quantitative 
measurement of the plant stress level.  All stresses that cause active oxygen formation 
result in decreases in the quantum efficiency of photosystem II (Fv/Fm).  Therefore, Fv/Fm 
is an early indicator of the level of plant stress and allows quantitative comparisons of the 
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stress response among different plant species, cultivars, and environments (Cessna et al, 
2010).   
 Sunlight intensity changes over the course of a day, with lower levels limiting 
photosynthesis in the early morning and late afternoon, but much higher light levels 
during the middle of the day.  When light levels surpass those exploited in 
photosynthesis, or when environmental conditions are sub-par (ie. under drought, so 
when the cellular CO2 concentrations are limited by stomatal closure), the resulting 
imbalance between light absorption and carbon-fixing Calvin cycle reactions leads to 
excessive steady state ratios of reduced NADPH to oxidized NADP+ (Demmig-Adams 
and Adams, 2000; Öquist and Huner, 2003; Demmig-Adams and Adams, 2006).  In turn, 
when inadequate NADP+ is available to drain the electron transport chain and photo-
systems, chlorophyll cannot de-excite via photosynthesis, and thus, more singlet state 
oxygen (1O2*) production can result (Salin, 1987; Apel and Hirt, 2004).   
Likewise, when NADP+ is limited, electrons can then be accepted by oxygen, 
resulting in the formation of another damaging ROS, superoxide (O2-) (Apel and Hirt, 
2004).  Because ROS can damage all key cellular mechanisms, including proteins, 
membrane lipids, and nucleic acids, plants require some mechanism of photoprotection. 
Plants can defend themselves from excess light and thus prevent damage from ROS 
by several means.  Some stressed plants drop their chlorophyll content, thus lowering 
energy absorption (Heber, 2002). Other plants direct electrons from the electron transport 
chain to reactions other than the Calvin cycle that, while being unproductive, do provide 
defense by using up light energy; these alternative electron sinks comprise of the water–
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water cycle and cyclic electron flow around Photosystem I (Heber, 2002).  Asada (2000) 
refers to the water-water cycle as the photoreduction of dioxygen to water in photosystem 
I by the electrons generated in photosystem II from water. 
Light-processing efficiency (measured as variable over maximal chlorophyll 
fluorescence, Fv/Fm) is a commonly used model in plant stress physiology research.  It is 
the fraction of light energy engaged in photosynthesis in relation to the quantity of light 
absorbed by the leaf.  Fluorescence is the re-emission of absorbed light at longer (lower 
energy) wavelengths.  Chlorophyll absorbs light in both the blue (450 to 495 nm) and red 
(620 to 740 nm) regions of the visible spectrum, and re-emits far red (700 to 800 nm) 
light.  The two measurements most easily made are Fo and Fm.  In the dark, fluorescence 
intensity is relatively low, and this base energy is referred to as Fo.  The Fm is measured 
after a saturating flash of intense light; after which chlorophyll fluorescence increases 
until reaching a maximum within a few milliseconds, as photosystem II becomes fully 
reduced and thus unable to accept additional electrons. 
In this situation, an additional absorbed photon cannot be used for photochemistry 
and can only be dissipated as heat or re-emitted as fluorescence.  If the flash of light is 
truly saturating, this second measure is referred to as maximal fluorescence, Fmax or Fm 
for short (Cessna et al., 2010).  The difference between Fm and Fo is called variable 
fluorescence, or Fv.  The ratio of Fv to Fm (Fv /Fm) is thus a measure of light-processing 
efficiency.  It is positively correlated with maximal photosynthetic rates, plant growth, 
and productivity, and is inversely correlated with thermal dissipation of absorbed light 
(Maxwell and Johnson, 2000; Baker and Rosenqvist, 2004; Logan et al., 2007).  Fv/Fm is 
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the easiest chlorophyll fluorescence parameter to measure and the most conceptually 
straightforward.  Thus, Fv/Fm is a useful fluorescence metric for the classroom and is also 
the least contested parameter in the literature—the interpretation of dark-adapted Fv/Fm 
measurements as a measure of the light-processing efficiency is generally accepted 
(Cessna et al., 2010).  The Fv/Fm decrease with the degree to which an environment is 
unsuitable for plant growth is also universally accepted (Cessna et al., 2010). 
 
Photosynthesis 
 Photosynthesis is fundamental to plant function and can be a good indicator of 
plant stress and growth (Salisbury and Ross, 1978; Farquhar and Sharkley, 1994).  In 
turfgrass situations the effects of various stresses, such as drought and heat, on turf health 
are important in determining turfgrass suitability for certain environments like golf 
course putting greens (Mancino, 1993; Qian et al., 1997; Huang et al., 1997).  Field 
measurements of photosynthesis in turfgrass often are conducted with hand-held 
chambers temporarily placed over the canopy and soil (Bremer and Ham, 2005).  Small 
custom designed surface chambers that attach to steady-state, portable photosynthesis 
systems and cover a small portion of the turf’s canopy are becoming increasingly popular 
to measure canopy photosynthesis in the field (Huang et al., 1998; Huang and Gao, 1999; 
Jiang and Huang, 2000; Xu and Huang, 2000).   
The CIRAS-2 Portable Photosynthesis System (PP Systems, Haverhill, MA 01913) 
has previously been used in turfgrass situations to measure carbon dioxide exchange 
rates.  This system was used to measure canopy photosynthetic rates in a study assessing 
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the low light tolerance of seashore paspalum (Paspalum vaginatum Swartz) and 
bermudagrass (Cynodon dactylon L.X C. transvaalensis Burtt Davy) (Jiang et al, 2004).  
Ambient light and CO2 were used to measure net canopy photosynthetic rate and the 
assimilation was in micromoles per meter squared per second (µmol cm-2 s-1).  
Measurements were taken with the chamber pressed firmly to the turfgrass surface to 
allow the chamber to seal for 2 to 3 minutes per sample.  We used a similar system in the 
current project to test the hypothesis that turfgrass treated with pigment-containing 
products exhibits reduced net photosynthesis due to reduced photosynthetically active 
radiation levels.   
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CHAPTER II 
MATERIALS AND METHODS 
Field Studies 
Field research was conducted at the Clemson University Research Facility in 
Clemson, SC on a 12 year old L-93 bentgrass putting green built to USGA specifications.  
Two experiments were performed from June 18th to September 3rd during the summer of 
2012.  Treatments included an untreated control, Turf Screen (zinc oxide + titanium 
dioxide + pigment) (TurfMax LLC., Erdenheim, PA) at 2.5 oz/1,000ft2 (8.0 L ha-1), PAR 
(copper phthalocyanine pigment) (Harrell’s LLC., Lakeland, FL) at 0.37 oz/1,000ft2 (1.2 
L ha-1), a paint [Evergreen (Milliken and Company, Spartanburg, SC)] designed for 
dormant turfgrass at 12 oz/1,000ft2 (38.2 L ha-1), and Foursome (copper pthalocyanine 
pigment) (Quali-Pro, Pasadena, TX) at 0.37 oz/1,000ft2 (1.2 L ha-1).  Treatments were 
applied weekly for ten weeks at the manufacturer’s suggested labeled rates using a CO2 
backpack sprayer delivering 30 gal/acre (281 L ha-1).    Plots were 2 by 3 meters in size 
and replicated 4 times in each experiment (Figure 2-1).  The research area was 
maintained at regular golf course standards (i.e. mowed six days a week at 3.175 mm).  
Plots were arranged using a randomized complete block design, and results were 
analyzed using Analysis of Variance and Fisher’s LSD (alpha=0.05). 
Two measurements were taken to quantify treatment effects on turfgrass quality.  
Normalized Difference Vegetation Index (NDVI) was measured every other day using a 
Field Scout Turf Color Meter (Spectrum Technologies, Plainfield, IL).  This device 
estimates turf quality by measuring reflected red and near-infrared light from the plant 
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surface.  The higher the NDVI ratio, the “greener” the surface (Dale et al., 2011).  
Traditional visual turfgrass quality ratings (1-9, 9=best) were also recorded weekly. 
 
Figure 2-1.  Turf response to foliar application of various paints and pigments.  Note the 
range of colors these products produce on the turfgrass surface. 
 
 
Because color-based quality assessments may be influenced by the presence of 
applied pigments, additional physiological measurements were performed.  Carbon 
dioxide exchange rate (CER) and evaporation was determined using the CIRAS-2 
Portable Photosynthesis System (PP Systems, Haverhill, MA USA) with the differential 
CO2/H2O gas analyzer attachment.  The device was an open system attached to a 
polythene 150 mm diameter canopy chamber.  The chamber was placed on the putting 
green surface for ~75 seconds during each reading.  Air was pushed through the chamber 
by the air supply fan, and the flow rate was measured and controlled by the mass flow 
meter, which provided flow range from 0 to 5 L min-1.  CER and evaporation 
measurements were taken twice a week.  Daily canopy temperatures were measured 
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approximately 1 hour after solar noon with a handheld infrared thermometer (Raytek 
Corporation, Santa Cruz, CA).  To assess plant stress, the FluorPen FP 100 system 
(Photon Systems Instruments, Czech Republic) was used to measure photosystem II 
quantum yield or Fv/Fm.  FluorPen readings were performed twice a week by taking a 1 
cm diameter plug from each plot, and placing its foliage inside a dark adaptation clip.  
Samples remained inside the clips for 30 minutes before measurements were taken.  A 
higher Fv/Fm ratio (preferably above 0.8) indicates more efficient use of light for 
photosynthesis and implies healthier turf.  Volumetric soil moisture content in the top 10 
cm was recorded from each plot every other day using a ThetaProbe (Delta-T Devices 
Ltd., Cambridge, England) to indicate if declines in turf quality were associated with 
reduced soil moisture.   
Photographs of each plot were taken on the same dates as weekly turf quality 
ratings.  Images were then cropped such that only the area located inside each plot 
remained.  Using the WinRHIZO program (Regent Instruments Inc., Quebec, Canada) 
color classes were defined to distinguish between areas of healthy turf and areas of turf 
damaged by disease, drought and other stresses.  Each image was analyzed to determine 
the percent healthy turfgrass area.   
Root dry weight data were collected at the conclusion of each 10 week study.  Four 
cores (2.5 cm diameter x 15 cm deep) were removed from each plot.  The top 1.5 cm of 
each plug was cut and disposed of, as it contained primarily leaves, stems, and thatch.  
The remainder of each plug was thoroughly washed to remove all soil and debris.  Roots 
were then placed in paper bags and dried in an oven at 80°C for 7 days.  Once dried, 
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plugs were weighed and ashed at 500°C for 3 hours.  The ash weight was subtracted from 
the original dry weight to calculate dried root mass.   
For tissue analysis, clippings were taken from each plot using a walk-behind greens 
mower with a bucket attachment.  Two passes were made across each plot before 
removing clippings from the bucket and placing them into paper bags.  Heavy metal soil 
analysis was performed by taking three cores (2.5 cm diameter x 15 cm deep) per plot, 
removing the top 1.5 cm, and placing the remaining soil in paper bags.  Clipping and soil 
samples were immediately sent to Clemson University Agricultural Service Laboratory 
for heavy metal analysis. 
 
Growth Chamber Experiment 
Two separate 10-day studies were conducted in Conviron growth chambers 
(Conviron, Pembina, ND) located at the Clemson University greenhouse facility 
(Clemson, SC) to investigate the impacts pigment-containing products on bentgrass 
health under stressful supraoptimal temperatures.  The first experiment began on 18 
December 2011 and the second on 2 January 2013. Bentgrass plugs were removed from 
the Clemson University Research Facility’s bentgrass research putting green.  Plugs were 
10 cm in diameter with 10 cm deep rootzones when removed from the field.  They were 
placed in 15 cm diameter by 20 cm deep pots filled with 85:15 sand/peat rootzone mix.  
Plugs remained in the greenhouse facility for several months at optimal temperatures, 
approximately 28°C during the day, allowing foliage to extend to 15 cm diameter and 13 
mm height.  Pots were then relocated to the growth chamber and maintained at 35°C 
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from 0600 h to 1800 h and 24°C from 1800 h to 0600 h.  Turfgrass cores remained in the 
high-temperature growth chamber for three days prior to product application. 
 Treatments included a stressed untreated control, Turf Screen (TurfMax LLC., 
Erdenheim, PA) at 2.5 oz/1,000ft2 (7.97 L ha-1), PAR (Harrell’s LLC., Lakeland, FL) at 
0.37 oz/1,000ft2 (1.17 L ha-1), and an unstressed untreated control (Figure 2-2).   
Treatments were replicated 4 times and rotated daily to minimize any localized 
environmental effects in the chambers.  Unstressed untreated control pots remained in the 
greenhouse facility at an optimum temperature level of 28°C.  All pots in the greenhouse 
and growth chamber received 100 ml of tap water every three days. 
 
 
Figure 2-2.  Bentgrass plugs treated with Turf Screen and PAR before being moved to the 
growth chamber with supraoptimal temperatures for further evaluation of treatment 
effects on plant stress tolerance/avoidance. 
	  
	  
21	  
	  
Carbon dioxide exchange rate (CER) was determined in µmol cm-2 s-1 using the 
CIRAS-2 Portable Photosynthesis System (PP Systems, Haverhill, MA USA) attached to 
a clear polythene 150 mm diameter canopy chamber.  The chamber was placed around 
the plug and slightly inside the rim of the pot for 75 seconds during each reading.  The 
FluorPen FP 100 was used to measure photosystem II quantum yield or Fv/Fm (Photon 
Systems Instruments, Czech Republic).  FluorPen readings were accomplished by placing 
a clip on a section of leaf material that most adequately represented each turfgrass core’s 
quality (Figure 2-3).  Leaf material remained in a dark state inside the clip for 30 min 
before measurements were recorded.  Measurements of average volumetric water content 
in the top 6 cm of soil were made using a ThetaProbe (Delta-T Devices Ltd., Cambridge, 
England). 
 
Figure 2-3.  FluorPen clips on creeping bentgrass to keep the leaf material in the dark.  
Clips remained in the leaf material for 30 min to assure no photosynthesis was occurring 
prior to light exposure using a FluorPen FP 100 device to measure fluorescence (Fv/Fm). 
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CIRAS-2 (Figure 2-4) and Fluorescence measurements were taken every other 
day for the duration of the ten day study.  Pots were arranged using a randomized 
complete block design.  Fisher’s least significant difference (LSD) test was used to 
compare treatment means.  Statistical significance was determined at P ≤ 0.05.  
Treatments were replicated four times. 
 
Figure 2-4.  CO2 chamber recording used in a growth chamber study to measure gross 
photosynthesis following treatment with various pigments.  For each measurement, the 
chamber stayed sealed inside the pots for 75 seconds. 
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Light Quality 
To determine the effect of each material on the quantity and quality of light 
reaching the turfgrass canopy, products were applied to transparent acrylic sheets (25 by 
20 cm) using a spray chamber delivering the same rates as in the field studies (see Figure 
2-5).  A cardboard box (25 cm deep with a 20 by 24 cm opening) was constructed to 
block all light except that penetrating the acrylic sheet, which was placed on the surface 
opening (see Figure 2-6).  Once dried, acrylic pieces were individually placed on the 
surface of the custom made box, and the intensity and spectral distribution of transmitted 
light was measured with a LI-1800 Portable Spectroradiometer (LiCor, Lincoln, NE) 
placed in the bottom of the box. Measurements were taken on cloud-free days ~1 hour 
from solar noon, which ranged from 1300 to 1400 hours during summer months in 
Clemson, SC.  Measurements were replicated three times for each product on four 
separate days. 
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Figure 2-5.  Products applied to transparent acrylic sheets before spectroradiometer 
readings are taken.  Treatments were: Foursome (upper left); paint (upper right); Turf 
Screen (lower left); and PAR (lower right). 
 
 
Figure 2-6.  Cardboard box constructed to block all light except that penetrating the 
treated acrylic sheet, which was placed on the surface opening.  A hole was made at the 
bottom of the box just large enough for the spectroradiometer cord to fit into. 
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Microscopy Imaging 
To ascertain if two of the materials (PAR and Turf Screen) penetrated treated 
leaves or remained on the surface, treatments were applied to leaves, and confocal image 
stacks were used to generate 3-dimensional renderings.  Bentgrass plugs were removed 
from the research green, planted in pots, and allowed to grow 2.5 cm in length.  To detect 
product location on or within the leaf blade, a fluorescent indicator, fluorescein 
(isothiocyanate) (Sigma-Aldrich, St. Louis, MO), was added to a solution of Turf Screen 
and PAR at a dilution of 2 mg per 1 ml solution.  Once thoroughly mixed, each was 
applied as a thin layer to multiple leaf blades on separate pots using a small paintbrush.  
Treated plants remained in the greenhouse for 48 hours before being removed and 
transported to the microscopy lab.  Treated leaf blade samples were clipped from the 
plant and mounted on a glass slide in glycerin.  A No. 1.5 glass cover slide was then 
placed over the samples and sealed with lacquer.  Confocal stack images were taken 
using a Nikon Ti Eclipse microscope and C1 si laser scanning confocal (20X, MI using 
water, NA=0.75) (Nikon Instruments, Inc., Melville, NY). Fluorescence from the 
fluorescein (excitation source – 488 nm laser) and autofluorescence (excitation source – 
638 nm laser) from the plant material were collected in multi-track imaging mode and 
recombined using Nikon NIS Elements – Advanced Research, Version 3.2 software.  
Data were used to produce 3D renderings that highlighted the location of the solution on 
or inside the leaf blade. 
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CHAPTER III 
RESULTS AND DISCUSSION 
Field Studies 
Data from both studies were initially combined and analyzed together.  However, 
results varied largely between studies one and two, therefore data from each study was 
separated and analyzed individually.  Reasons for data inconsistencies between studies 
for some measurements are not known and can only be speculated. 
 
Carbon Dioxide Exchange and Evaporation 
CO2 exchange rate (CER) measures the net CO2 efflux from the surface of the 
bentgrass green: the measurement is positive if respiration exceeds photosynthesis and 
negative if photosynthesis exceeds respiration.  In study two, significantly lower CER (-
0.059 µmol CO2 cm-2 s-1) was measured in untreated turf compared to Turf Screen (0.090 
µmol CO2 cm-2 s-1), PAR (0.139 µmol CO2 cm-2 s-1), Foursome (0.091 µmol CO2 cm-2 s-1) 
and the paint (0.216 µmol CO2 cm-2 s-1), indicating these treatments reduced net 
photosynthesis.  In both studies, the commercial paint had the highest CER (0.323 and 
0.216 µmol CO2 cm-2 s-1), indicating reduced net photosynthesis.  Turf Screen and PAR 
performed similarly in both studies (0.182 and 0.118 µmol CO2 cm-2 s-1 in study one, 
0.090 and 0.091 µmol CO2 cm-2 s-1 in study two) (Figure 3-1).  During July when 
temperatures were highest, the untreated control exhibited significantly lower CER 
values (0.151) than PAR (0.341), Turf Screen (0.327), and the paint (0.477) in study one, 
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and significantly lower CER (0.044 µmol CO2 cm-2 s-1) than all other treatments in study 
two (Table 3-1).   
Evaporation measures the humidity of the chamber in µmol H2O cm-2 s-1 to 
estimate transpiration by plants.  Treatments with PAR averaged 3.90 µmol H2O cm-2 s-1 
which was significantly higher than Foursome with -3.27 in study one, although PAR 
was not statistically different than the untreated at -1.72, Turf Screen at -0.36, and the 
paint at -0.11 µmol H2O cm-2 s-1.  In study two, the untreated plots averaged 1.00 which 
was significantly higher than Turf Screen at -9.10 µmol H2O cm-2 s-1 (Figure 3-2).  The 
untreated was not different from PAR at -0.47, the paint at -3.19, and Foursome at -4.29 
µmol H2O cm-2 s-1. 
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Figure 3-1.  Carbon dioxide exchange rates for two studies at Clemson University 
following treatments to creeping bentgrass with various pigments and paints.  Vertical 
bars represent standard errors.  Different letters indicate significant differences between 
treatments within each study by LSD test (p ≤ 0.05). 
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Table 3-1.  CIRAS-2 Portable Photosynthesis System July measurements of creeping 
bentgrass respiration from two studies following 10 consecutive weekly treatments with 
various pigments and paints during the summer of 2012. 
 
CO2 Exchange Rate 
July Averages 
(µmol CO2 cm-2 sec-1) 
Treatment Study 1 Study 2 
Untreated 0.151c 0.044b 
TurfScreen 0.328b 0.250a 
PAR 0.341b 0.313a 
Foursome 0.142c 0.286a 
Paint 0.477a 0.422a 
‡Means within columns followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P = 0.05). 
 
 
 
 
 
 
 
 
	  
	  
30	  
	  
Normalized Difference 
Vegetation Index
N
D
V
I (
G
re
en
 C
ol
or
 R
at
io
)
0.60
0.65
0.70
0.75
0.80
Control
TurfScreen 
PAR 
Foursome 
Com. Paint 
Study 1 Study 2
a
a
b b
c
ab
ab ab
b
c
Evaporation Rates
E
va
po
ra
ti
on
 (µ
m
ol
 H
2O
 c
m
-2
 s
ec
-1
)
-10
-5
0
5
10
Untreated 
TurfScreen 
PAR 
Foursome 
Paint
STUDY 1 STUDY 2
ab
ab
a
b
ab
a
b
ab
ab
a
Figure 3-2.  Evaporation rates for two studies at Clemson University following treatments 
to creeping bentgrass with various pigments and paints.  Vertical bars represent standard 
errors.  Different letters indicate significant differences between treatments within each 
study by LSD test (p ≤ 0.05). 
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Canopy Temperatures 
Reducing summer canopy temperature generally has a positive impact on 
bentgrass health and is a main claim for justifying the use of several of these products.  
However, none of the tested products lowered canopy temperature.  In fact, treated turf 
plots often exhibited higher temperatures than the untreated controls.  Turf Screen, PAR, 
and Foursome had similar summer temperatures which averaged 1.5°F (~1.0°C) higher 
than the untreated in both studies.  The paint exhibited an extremely high average 
temperature of 110°F (43.3°C) in study one (Figure 3-3).  In study two, Turf Screen, 
PAR, and Foursome showed similar average summer temperatures of 105.5°F (40.8°C) 
compared to the untreated at 104°F (40°C) and paint at 110°F (43.3°C).   
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Figure 3-3.  Canopy temperature averages for two summer studies following weekly 
applications to creeping bentgrass of various pigments and paints.  Vertical bars represent 
standard errors.  Different letters indicate significant differences between treatments 
within each study by LSD test (p ≤ 0.05). 
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Fluorescence 
The untreated, Turf Screen, PAR, Foursome, and commercial paint all averaged a 
0.57 Fv/Fm value in study one.  All values in study two averaged 0.61, except Turf Screen 
with a slightly higher value of 0.62 Fv/Fm (Figure 3-4).  This indicates all plots were 
severely stressed, and products did not provide significant relief. 
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Figure 3-4.  FluorPen readings for two studies at Clemson University following 
treatments to creeping bentgrass with various pigments and paints.  Values < 0.8 indicate 
plant is under stress.  Vertical bars represent standard errors.  Different letters indicate 
significant differences between treatments within each study by LSD test (p ≤ 0.05). 
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NDVI 
In study one, the untreated control had a significantly higher NDVI (“greener” 
color) than PAR, Turf Screen, and the commercial paint throughout the summer.  
Differences were not observed between Turf Screen, PAR, and Foursome in either study 
(Figure 3-5).  The paint always produced significantly lower values, with an average ratio 
of 0.65 compared to the untreated at 0.74.  In study two, NDVI values were similar for 
the untreated, Turf Screen, and PAR treatments. 
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Figure 3-5.  Normalized difference vegetation index (NDVI) for two studies following 
weekly applications of various pigments and paint.  The NDVI measures the amount of 
light reflected form a turf canopy, indicating relative green color.  A higher value 
represents a “greener” color.  Vertical bars represent standard errors.  Different letters 
indicate significant differences between treatments by LSD test (p ≤ 0.05). 
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Visual Turfgrass Quality 
Visual quality of turf treated with Turf Screen, PAR, and Foursome was similar to 
the untreated control in both studies.  Turf treated with the paint had a significantly lower 
visual quality over the course of the summer in both studies, with averages of 5.1 and 4.4 
compared to 7.0 and 6.2 for the untreated (Figure 3-6).  The site in which study one was 
conducted began with higher turf quality resulting in treatment averages of 7.0, 7.0, 6.9, 
and 7.1 for the untreated, Turf Screen, PAR, and Foursome, while study two averages of 
6.2, 6.5, 6.0, and 6.1 were all lower and below desirable levels (<7), respectively.  
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Figure 3-6.  Averaged visual turfgrass quality measured weekly for ten weeks for two 
studies following weekly treatment with various pigments and paint.  Vertical bars 
represent standard errors.  Different letters indicate significant differences between 
treatments within each study by LSD test (p ≤ 0.05). 
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Images analyzed with the WinRHIZO program provided data consistent with the 
previous visual turfgrass quality results.  Plots with the paint applied averaged 85 percent 
green turfgrass cover in study one and 83 percent in study two.  The untreated, Turf 
Screen, PAR and Fousome were all significantly higher averaging at least 95 percent 
green turfgrass cover in both studies (Figure 3-7).  Study two averaged slightly less (2%) 
healthy turf across all treatments as was observed with visual turfgrass quality ratings.  
With the exception of the paint, all other treatments provided similar green turfgrass 
cover percentages as the untreated for both studies. 
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Figure 3-7.  Images analyzed with the WinRHIZO program to ascertain percent cover for 
each treatment following weekly applications of various pigments and paints for two 
studies.  Vertical bars represent standard errors.  Different letters indicate significant 
differences between treatments within each study by LSD test (p ≤ 0.05). 
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Soil Moisture 
Volumetric soil moisture content was consistent across all treatments throughout 
the summer months and no differences were observed in either study.  Average 
volumetric soil water content for all treatments ranged between 28 and 30% in study 1 
and between 27 and 29% in study two (Table 3-2). 
 
Table 3-2.  Soil moisture data taken every two days for two studies following weekly 
applications of various pigments and paint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
‡Means within columns followed by the same letter are not significantly different 
according to Fisher’s protected LSD (p = 0.05). 
 
 
 
 
 
 
 
 
 Soil Moisture 
Treatment Study 1 Study 2 
 --------%-------- 
Untreated 29.5a 28.2a 
TurfScreen 28.6a 27.9a 
PAR 28.6a 26.7a 
Foursome 29.1a 28.9a 
Paint 28.3a 27.4a 
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Root Weight 
At the conclusion of either study, no differences were observed in root weight 
between treatments.  In study one, all treatments averaged between 0.09 and 0.15 g 200 
cm-3, and between 0.08 and 0.14 g 200 cm-3 in study two (Table 3-3). 
 
Table 3-3.  Root dry weight at the end of experiments following weekly applications of 
various pigments and paint during the summer of 2012. 
 
Dry Root Weight 
(g 200 cm-3) 
Treatments Study 1 Study 2 
Untreated 0.088a 0.116a 
Turf Screen 0.099a 0.135a 
PAR 0.148a 0.125a 
Foursome 0.097a 0.102a 
Paint 0.122a 0.081a 
‡Means within columns followed by the same letter are not significantly different 
according to Fisher’s protected LSD (p = 0.1). 
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Heavy Metals 
Since most of the listed products contain a heavy metal as part of their 
formulation, these levels were quantified at the conclusion of each study.  Turf Screen 
contains zinc, while the pigment-products are copper based.  Tissue analysis indicated 
Turf Screen foliage had higher zinc values in both studies, averaging 911 ppm compared 
to 88 ppm for the untreated control.  Soil zinc levels in Turf Screen plots were 
approximately double those of the other treatments in study one and more than double 
those of all other treatments in study two (Figure 3-8).  In study one, Turf Screen 
averaged 9.67 kg Zn ha-1 while the untreated, PAR, Foursome, and paint averaged 5.1 kg 
Zn ha-1.  Turf Screen averaged 12 kg Zn ha-1 compared to 5.4 kg Zn ha-1 for the other 
treatments in study two (Figure 3-10).  A zinc level of 20 to 55 ppm in shoot tissue is 
considered to be sufficient (Jones, 1980), while McCarty (2011) reported plant tissue 
concentrations of 50 to 80 ppm zinc as being “high.”  Although zinc values greater than 
50 ppm are considered high, Spear and Christians (1991) noted that a zinc level of 1500 
ppm in shoot tissue had no deleterious effects on Penncross creeping bentgrass.   
The paint foliage had significantly higher plant tissue copper concentrations in 
both studies, averaging 155 ppm compared to the other treatments, which averaged 61 
ppm (Figure 3-9).  In study one, plant tissue copper values for the untreated control were 
significantly lower than all other treatments with an average of 28 ppm compared to Turf 
Screen, PAR, and Foursome averaging 51 and the paint at 147 ppm.  Copper 
concentrations in the soil for all treatments averaged between 1.46 and 1.96 kg Cu ha-1; 
therefore, no treatment effects were observed (Table 3-4).  McCarty (2011) reported 10 to 
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15 ppm copper as being “high,” and Faust and Christians (2000) reported reductions in 
dry clipping weight and root mass when copper increased to 600 ppm on Penncross 
creeping bentgrass.  Since samples were taken one week after final applications, it should 
be noted that products could still be on the surface of the foliage therefore influencing 
plant tissue testing results.                                                             
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Figure 3-8.  Plant tissue analysis indicating zinc concentrations for two studies following 
ten weekly applications of various pigments and paint.  Vertical bars represent standard 
errors.  Different letters indicate significant differences between treatments within each 
study by LSD test (p ≤ 0.05). 
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Figure 3-9. Plant tissue analysis indicating copper concentration for two studies following 
ten weekly applications of various pigments and paint.  Vertical bars represent standard 
errors.  Different letters indicate significant differences between treatments within each 
study by LSD test (p ≤ 0.05). 
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Figure 3-10.  Soil tests for zinc at the conclusion of two studies following ten weekly 
applications of various pigments and paint to creeping bentgrass.  Vertical bars represent 
standard errors.  Different letters indicate significant differences between treatments 
within each study by LSD test (p ≤ 0.1). 
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Table 3-4.  Soil tests for copper at the conclusion of two studies following ten weekly 
applications to creeping bentgrass of various pigments and paint. 
 
Copper Conc. (kg ha-1) 
Treatments Study 1 Study 2 
Untreated 1.51a 1.96a 
Turf Screen 1.51a 1.66a 
PAR 1.68a 1.46a 
Foursome 1.57a 1.60a 
Paint 1.96a 1.29a 
‡Means within columns followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P = 0.1). 
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Light Quality 
 Spectroradiometer data indicated a significant reduction in photosynthetically 
active radiation (400-700nm) when products were applied to transparent acrylic sheets 
(Figure 3-11).  Averaged across three separate days and four replications on each day, 
Foursome had the least impact on wavelength intensities between 400 and 700 by only 
reducing this 19 percent.  PAR followed by reducing wavelength intensity 21 percent 
followed by Turf Screen at 39 and the paint had the highest reduction with 46 percent 
(Figure 3-12). 
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Figure 3-11.  Spectroradiometer data indicating reductions in wavelength intensities 
following applications of various pigments and paint to transparent acrylic sheets.
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Figure 3-12.  Spectroradiometer data indicating percent reductions in 400-700 nm 
wavelength intensities following applications of various pigments and paint to transparent 
acrylic sheets.  Data averaged across four replications on three separate days.  Vertical 
bars represent standard errors.  Different letters indicate significant differences between 
treatments within each study by LSD test (p ≤ 0.05). 
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Microscopy Imaging 
 Microscopy images pinpoint specific interactions between applied products and 
the leaf blade.  While Turf Screen (higher viscosity) remained mostly on the surface, 
covering the stomata, pigments such as PAR (lower viscosity) entered the leaf (see 
Figures 3-13, 3-14, 3-15, and 3-16). 
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(Green=Applied product, Red=Plant Tissue) 
 
Figure 3-13.  Confocal microscopy series maximum intensity projection image (20X) of 
Turf Screen following applications to creeping bentgrass leaves.  The product coated the 
leaf surface, thus, blocking stomata. 
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(Green=Applied product, Red=Plant Tissue) 
 
Figure 3-14.  Confocal microscopy series volume projection image (20X) of Turf Screen 
following applications to creeping bentgrass leaves.  The product coated the leaf surface, 
thus, blocking stomata.  Colors indicate definitive line between the product and the leaf 
surface. 
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No definitive line between the product and the surface of the leaf. 
(Green=Applied product, Red=Plant Tissue) 
 
Figure 3-15.  Confocal microscopy series volume projection image (20X) of PAR 
following applications to creeping bentgrass leaves.  Colors indicate the product 
penetrated the leaf surface.  
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 (Green=Applied product, Red=Plant Tissue) 
 
Figure 3-16.  Confocal microscopy series volume projection image (20X) of PAR 
following applications to creeping bentgrass leaves. Pigment is found concentrated in the 
stomata of the leaf blade indicating entrance through the stomata and possible disruption 
of gas exchange. 
 
 
 
 
 
 
 
 
 
 
	  
	  
51	  
	  
 
Growth Chamber Studies 
CO2 Exchange and Evaporation 
 In study one, significantly lower CO2 exchange rates were measured in the 
unstressed control (-1.15) compared to Turf Screen (1.53), PAR (0.67), and the stressed 
control (1.12 µmol CO2 cm-2 s-1) (Figure 3-17).  Higher CER values for all treatments in 
the growth chamber environment compared to the unstressed control indicates net 
photosynthesis was decreased by supraoptimal temperatures.  Significant differences in 
CER were not observed between any of the treatments in study two.   
The unstressed control (0.063) had significantly higher evaporation rates 
compared to Turf Screen (0.007), PAR (0.006), and the stressed control (0.006 µmol H2O 
cm-2 s-1) in study one (Table 3-3).  Higher evaporation rates for the unstressed control in 
study one indicates transpiration was decreased significantly in the growth chamber 
environment.  Significant differences in evaporation rates were not observed between any 
of the treatments in study two. 
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Figure 3-17. Carbon dioxide exchange rates for two growth chamber studies at Clemson 
University Greenhouse Facility following treatments with various pigments.  Vertical 
bars represent standard errors.  Different letters indicate significant differences between 
treatments within each study by LSD test (p ≤ 0.05).  Stressed control = 35°C. Unstressed 
control = 27°C. 
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Table 3-5.  Creeping bentgrass evaporation rates for two growth chamber studies 
following treatments to creeping bentgrass of various pigments. 
 
Evaporation Rates 
(µmol H2O cm-2 s-1) 
Treatments Study 1 Study 2 
Stressed Control 0.006b 0.011a 
Unstressed Control 0.063a 0.069a 
Turf Screen 0.007b 0.010a 
PAR 
 
0.006b 0.026a 
‡Means within columns followed by the same letter are not significantly different 
according to Fisher’s protected LSD (P = 0.05).  Stressed control = 35°C.  Unstressed 
control = 27°C. 
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Fluorescence 
Treatments effects were consistent in study one and study two.  The stressed 
control, Turf Screen, and PAR had significantly lower Fv/Fm values compared to the 
unstressed control in both studies.  The stressed control, Turf Screen, and PAR averaged 
between 0.61 and 0.64 compared to the unstressed control with an average of 0.78.  Study 
two showed similar results with the unstressed control averaging 0.77, while Turf Screen, 
PAR and the stressed control averaged between 0.67 and 0.69 (Figure 3-18).  Higher 
Fv/Fm values in the unstressed control indicates the stressed control, Turf Screen, and 
PAR which were all exposed to extremely high temperatures were under much more 
stress.  Due to the much smaller variances more accurate assumptions can be made with 
the growth chamber fluorescence results than with the field studies.  Based on growth 
chamber Fv/Fm results, neither Turf Screen nor PAR have stress relieving properties. 
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Figure 3-18.  Creeping bentgrass FluorPen readings for two growth chamber studies 
following treatments with pigments and paints.  Values < 0.8 indicate plant is under 
stress.  Vertical bars represent standard errors.  Different letters indicate significant 
differences between treatments within each study by LSD test (p ≤ 0.05).  Stressed 
control = 35°C. Unstressed control = 27°C. 
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CHAPTER IV 
CONCLUSION 
 
Turf pigments and sunscreens have been suggested to decrease canopy 
temperatures and increase photosynthetic efficiency by blocking harmful UV-B (280-
320nm) wavelengths.   However, the higher canopy carbon dioxide exchange rates for 
treated turf in this study indicate net photosynthesis is reduced when these products are 
applied.  Higher evaporation rates for the untreated control in field study two also 
indicates that transpiration is reduced by these products.  Decreasing transpiration 
prevents the plant from cooling itself therefore increases stressful conditions.  
Spectroradiometer data also show a significant reduction in the transmission of 
photosynthetically active radiation (PAR) (400-700nm) when products are applied.  
Decreasing PAR intensity with these products inevitably decreases photosynthesis and 
consequently slows recovery from injury.  This is also supported with lower evaporation 
rates following applications of these products in study two, suggesting the inability for 
gas exchange to take place freely without hindrance.  The decrease in photosynthesis and 
transpiration was observed in study two but not in study one, therefore research on these 
products should continue until consistent results are produced. 
 Microscopy images located the specific interactions between the products and the 
leaf blades.  While Turf Screen (higher viscosity) remained on the surface and covered 
the stomata, pigments such as PAR (lower viscosity) entered the leaf through the stomata.  
It is therefore possible Turf Screen slowed transpiration and CO2 uptake by partially 
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blocking stomata.  Slowing these processes would inevitably raise canopy temperatures, 
which was confirmed in both studies.  Higher canopy temperatures occurred with 
absorbance of certain wavelengths by these pigments, therefore adding to stressful 
environmental conditions.  Although the human eye can be misled from the masking of 
turf stress from such pigments, dyes, and paints, normalized difference vegetation index 
readings revealed these products did not improve turf red/near infrared reflectance ratio.  
The untreated had highest NDVI values throughout the summer in both studies, 
suggesting these products failed to increase live green vegetation compared to the 
untreated.   
Measurements of carbon dioxide flux and transpiration with the CIRAS-2 in study 
two produced results consistent with other observations in this experiment and the 
conclusions drawn from microscopy imaging.  However, these results were not replicated 
in study one.  Therefore, investigations into the interactions between these pigment-
containing products and the plant processes should continue.   
Growth chamber studies only partially supported results from the field.  In study 
one, CO2 exchange rates were significantly lower in the unstressed control than all other 
treatments indicating photosynthesis is reduced when temperatures are supraoptimal.  As 
in the field, neither Turf Screen nor PAR improved photosynthetic capabilities of 
creeping bentgrass in a stressful environment.  Fluorescence data was much more 
accurate in the growth chamber studies than in the field.  Fv/Fm ratios were much lower 
for treatments in the growth chamber (32°C) compared to the greenhouse (28°C) in both 
studies.  Since all Fv/Fm values for stressed treatments in growth chamber study two were 
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between 0.67 and 0.69, while the unstressed control was much higher at 0.77, it can 
accurately be concluded neither Turf Screen nor PAR relieved stress.  This conclusion 
was even more emphatically supported in growth chamber study one with the stressed 
control averaging an Fv/Fm value of 0.65 compared to Turf Screen and PAR at 0.61.  
Although supraoptimal summer temperatures alongside high relative humidity could be 
mimicked in the growth chamber, normal field light intensity associated with the sun 
could not. 
In summary, these products failed to significantly enhance any of the plant 
processes normally associated with improved turf health and quality in the field studies or 
the growth chamber studies.  On the contrary, products appeared to disrupt the plant’s 
ability to cool itself through transpiration.  Photosynthetically active wavelengths are 
absorbed and reflected by these products, altering light quality and reducing 
photosynthesis.  Increases in visual turf quality were not observed, and turf quality was 
actually reduced with long-term use of the paint.  A delay in recovery from localized dry 
spots due to products caking on the surface was also noticed.  The significant increases in 
heavy metal concentrations such as zinc and copper should also be considered, especially 
with long-term use.  Therefore, the hypothesis these treatments reduce summer stress and 
improve bentgrass turf quality must be rejected.  Readers are reminded studies reported 
herein were conducted under hot, humid conditions in SEUSA summers.  Results could 
vary if products tested are used in less stressful environmental conditions. 
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